This report presents a demonstration of ceramidase activity in the nuclear membrane or envelope of mammalian livers. The products of ceramidase reaction were identified by means of TLC for released fatty acid and HPLC for sphingosine. The ceramidase activity was maximum over a broad neutral to alkaline region ranging from pH 7.0 to 8.8. This activity was inhibited by N-oleoylethanolamine known as a specific inhibitor for ceramidase and by anandamide to a similar extent. The enzymatic study suggests that the nuclear ceramidase has different properties from other ceramidase reported previously. As sphingomyelinase, one of enzymes involved in the sphingomyelin cycle, are known to be present in the nuclear membrane, it is now evident that at least two enzymes involved in the sphingomyelin cycle are present in the nuclear membrane.
These sphingolipid metabolites are recognized to play a role in the regulation of a variety of cellular processes. Ceramide is generated from sphingomyelin by the action of sphingomyelinase, and hydrolyzed by ceramidase (EC 3.5.1.23) to generate sphingosine, which is a substrate for sphingosine kinase to produce sphingosine 1-phosphate. Thus, ceramidase has the property of breaking up one lipid messenger, ceramide, and giving rise to another messenger, sphingosine. It is well established that the formation of sphingosine is via the degradation of ceramide and not from the de novo synthesis, 3, 4) suggesting that ceramidase is the key enzyme to regulate levels of ceramide, sphingosine and the downstream product sphingosine 1-phosphate.
Ceramidases are known to exist as isoenzymes, which differ with respect to optimum pH, subcellular localization and their biological role. The isoenzymes having pH optima in acidic conditions, namely acid ceramidases, are located within lysosomes and suggested to function in the degradation of ceramide for further catabolism. Ceramidases with activities at neutral and alkaline pH conditions are neutral and alkaline ceramidases, which are generally suggested to reside in the plasma membrane and convert ceramide to sphingosine to modulate cellular function.
In this study, we report that ceramidase activity, which is maximum over a broad region of neutral to alkaline pH, occurs in the nuclear membrane isolated from the liver of either rats or pigs. This finding suggests that the nuclear membrane contains one of the enzymes of the sphingomyelin cycle in addition to sphingomyelinase. 5) [1- 14 C]Arachidic acid and [1-14 C]lignoceric acid were synthesized from nonadecyl bromide and tricosyl bromide, respectively, using [ 14 C]KCN (56.2 mCi/mmol; ARC) as described previously. 6) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]Palmitic acid (53.3 mCi/mmol) and D-erythro-sphingosine (d18:1, from the porcine brain) were purchased from ARC and Avanti Polar Lipids, respectively. Deoxyribonuclease I was purchased from Takara. Hydroxypropyl-b-cyclodextrin (average molar substitutionϭ0.8, average M.W. ca. 1460) was obtained from Aldrich Chemical Company.
MATERIALS AND METHODS

Materials
Preparation of Radioactive and Nonradioactive Ceramides Radioactive or nonradioactive ceramides were synthesized as described previously 7) with some modifications. [1- 14 C]Palmitic acid, [1-14 C]arachidic acid or [1-14 C]lignoceric acid was condensed with N-hydroxysuccinimide in the presence of dicyclohexylcarbodiimide to convert to the corresponding N-succinimidyl ester, which was purified by silica gel column chromatography using chloroform as an elution solvent. D-Erythro-sphingosine (d18:1) was condensed with the N-succinimidyl ester of the labeled fatty acid in the presence of diisopropylethylamine in N,N-dimethylformamide to give an acylated product, labeled ceramide. The product was purified by means of TLC on a precoated plate (Merck, silica gel 60 TLC plate) using chloroform/methanol (97 : 3, v/v). The band corresponding to ceramide was visualized using a Bio-Imaging Analyzer BAS-2000 II (Fuji Photo Film), scraped off and extracted by elution with chloroform/methanol (2 : 1, v/v). Nonradioactive ceramides were synthesized under similar conditions.
Isolation of Nuclei and Nuclear Membranes Nuclei were prepared from rat and pig livers based on the procedures as previously reported. 8, 9) Livers were filtered through a stainless steel screen (26 mesh) and suspended in 5 volumes of ice-cold buffer A (0.25 M sucrose/20 mM TrisHCl/5 mM MgCl 2 ) followed by homogenizing with a Teflonglass homogenizer. Homogenates were filtered through two layers of nylon-cloth and then centrifuged at 640ϫg for 10 min. The pellets were suspended in 6 volumes of Buffer B (2.3 M sucrose/20 mM Tris-HCl/5 mM MgCl 2 ) and filtered through two layers of nylon-cloth. Following centrifugation at 50000ϫg for 40 min, the nuclear pellets were suspended in small volumes of Buffer B. The suspension was layered on the top of 3 volumes of Buffer B and centrifuged at 50000ϫg for 40 min. The nuclei collected in the bottom were washed three times with Buffer A by centrifugation at 1000ϫg for 10 min.
The suspension of freshly prepared nuclei in Buffer A was digested with deoxyribonuclease I at a concentration of 25 unit/ml for 14 h at 4°C to obtain the nuclear membrane. 8, 10) After digestion, the reaction mixture was centrifuged at 170ϫg for 5 min and then the supernatant was centrifuged at 10000ϫg for 15 min. The pellet was incubated with 2 M NaCl/10 mM Tris-HCl (pH 7.5)/0.2 mM MgCl 2 for 10 min at 4°C. The pellet obtained after centrifugation at 105000ϫg for 20 min was washed three times with 10 mM Tris-HCl (pH 7.5)/0.2 mM MgCl 2 by centrifugation at 105000ϫg for 15 min. Finally, the nuclear membranes were suspended in 10 mM Tris-HCl (pH 7.5).
Preparation of Other Subcellular Fractions Subcellular fractionation for the isolation of lysosomes was performed according to the method as previously described 11) with some modifications. Briefly, the livers of rats or pigs were homogenized with a Teflon-glass homogenizer in 3 volumes of 0.25 M sucrose/10 mM Tris-HCl (pH 7.5)/1 mM EDTA, and the homogenate was centrifuged at 600ϫg for 10 min. The post-nuclear supernatant was centrifuged at 3300ϫg for 10 min, and then at 25000ϫg for 10 min. The 25000ϫg pellet, which was corresponding to the light mitochondrial fraction L of de Duve, 12) was used as a lysosomal fraction.
Plasma membrane was prepared from rat liver by means of a self-forming gradient of Percoll according to the method previously described.
13)
Purity of Nuclear Fraction
The purity of isolated nuclei was estimated by determination of marker enzyme activities as described previously. 14, 15) The activities of 5Ј-nucleotidase as a plasma membrane marker 16) and b-hexosaminidase as a lysosomal marker 11) were determined in the purified nuclei and also in the subcellular fractions or homogenates to evaluate contamination of plasma membranes and lysosomes in the nuclear fraction. Plasma membrane marker enzyme activity (average value) in the nuclear fraction from rat liver was 3.36 nmol/min/mg protein (nϭ4), which was 1.5% of the marker enzyme activity of plasma membrane (223 nmol/min/mg protein (nϭ3)). Lysosomal marker activity (16.5 pmol/min/mg protein (nϭ4)) in the rat nuclear fraction was 1.6% of the activity (1048 pmol/min/mg protein (nϭ4)) in the homogenate or 0.4% of the activity (3810 pmol/min/mg protein (nϭ1)) in the lysosomal fraction. In the case of porcine liver, plasma membrane marker enzyme activity in the nuclear fraction was 0.93 nmol/min/mg protein (nϭ3), which was 3.9% of the marker enzyme activity in the homogenate (23.8 nmol/min/mg protein (nϭ3)). Contamination of the plasma membrane in the nuclear fraction was estimated to be less than 3.9%. Lysosomal marker activity (16.5 pmol/min/mg protein (nϭ4)) in the nuclear fraction was 0.2% of the activity (710 pmol/min/mg protein (nϭ2)) in the lysosomal fraction. Mitochondrial marker enzyme activities, succinate INT reductase 17) in the nuclear fractions from rat and pig livers were 45.1 and 31.1 nmol/min/mg protein, which were 3.8% and 4.1% of the activities in each homogenate, respectively.
The percentage of contamination was calculated by assuming the reference fraction to be of absolute purity. 14, 15) The purity of each nuclear fraction from rat liver or porcine liver was estimated at 93% and 92%, respectively, by simple calculations. These findings suggest that nuclear ceramidase activities from rats and pigs arose hardly from contamination of other cellular compartments.
Assay of Ceramidase Activity Ceramidase activity was assayed by measuring the amount of radioactive palmitic acid liberated from N- [1- 14 C]palmitoylsphingosine as described previously with some modification. 18) The standard reaction mixture (final volume 200 ml) contained 100 mM Tris-HCl buffer, pH 8.0 (at 37°C), 4 nmol (24000 dpm) of N-[1-14 C]palmitoylsphingosine, 0.2 mg (1%) of Triton X-100, 5 mg of hydroxypropyl-b-cyclodextrin and enzyme solution. The reaction mixture was incubated for 90 min at 37°C and terminated by the addition of 2 ml of Dole's solution (2-propanol/n-heptane/1 M NaOH (40 : 10 : 1, v/v)), followed by the addition of 1 ml of 50 mM NaOH and 1.2 ml of n-heptane. After shaking followed by centrifugation, the upper phase was discarded, and the lower phase was washed twice with nheptane. Thereafter, 1 ml of 2 M sulfuric acid and 2 ml of nheptane containing 2 mg of carrier fatty acid were added. The mixture was centrifuged and the radioactive fatty acid in the upper phase was determined in a liquid scintillation counter.
Identification of Products from Ceramidase Hydrolysis (TLC method) As described above the reaction mixture containing 4 nmol (120000 dpm) of N-[1-
14 C]lignoceroyl-sphingosine was incubated for 60 min at 37°C. The reaction was terminated by the addition of 200 ml of 10% citric acid, followed by 800 ml of n-heptane containing 8 mg of carrier fatty acid. The mixture was centrifuged and the upper n-heptane layer was pooled and the lower layer was extracted twice by n-heptane. The n-heptane extracts were washed with 60% saturated NaCl solution, and evaporated to dryness. The sample was dissolved in chloroform/methanol (2 : 1, v/v) and applied to a TLC plate, which was developed with chloroform/methanol/ conc.NH 3 (HPLC method) The reaction mixture containing 4 nmol of palmitoylsphingosine was incubated as described above for 90 min. The reaction was terminated by the addition of 100 ml of saturated ammonium bicarbonate solution, followed by 800 ml of chloroform/methanol (2 : 1, v/v). Liberated sphingosine was converted to an o-phthalaldehyde derivative and analyzed by modifying a method used for amino acid analysis as follows. 19) After centrifugation, the separated lower layer was dried under a nitrogen stream, and dissolved in 50 ml of methanol. The sample was reacted with 50 ml of o-phthalaldehyde reagent, which was freshly prepared by mixing 9.9 ml of 3% boric acid (pH 10.5) and 0.1 ml of ethanol containing 5 mg of o-phthalaldehyde and 5 ml of 2-mercaptoethanol. After incubation for 5 min at room temperature, 900 ml of methanol/5 mM potassium phosphate (pH 7.0) (90 : 10, v/v) was added and the sample was centrifuged. An aliquot was analyzed on a TSK gel ODS-80S HPLC column (150ϫ4.6 mm; Tosoh) with methanol/5 mM potassium phosphate (pH 7.0) (90 : 10, v/v) as an elution buffer using an LC-6A liquid chromatograph (Shimadzu) equipped with a C-R6A Chromatopac (Shimadzu). Fluorescence was measured using an RF-535 Fluorescence Monitor (Shimadzu) with an excitation wavelength of 340 nm and an emission wavelength of 455 nm.
Preparation of N-Acylethanolamine Derivatives and Their Analogs N-Acylethanolamine derivatives including N-oleoylethanolamine and anandamide were synthesized by the acylation reaction of ethanolamine or its analogs with N-succinimidyl ester of fatty acids. A single product was obtained under the similar reaction conditions of the synthe-sis of ceramide as described above. Each synthesized Nacylethanolamine derivative listed in Table 2 shows the characteristic absorption band of the IR spectrum at 1640-1655 cm Ϫ1 of amide linkage.
RESULTS
To obtain purified nuclear membranes, isolation of nuclei was performed according to the widely used procedure, in which nuclei were sedimented at the bottom of a 2.2-2.4 M sucrose layer. 8, 9) The nuclear membrane or envelope was prepared by means of deoxyribonuclease digestion followed by NaCl treatment. 8, 10) The purity was estimated from the percentage of contamination of the subcellular fraction with their marker enzyme activities, because a characteristic enzyme for the nuclear membrane is not known. 14, 15) Thus, the reasonably pure nuclei were obtained from the livers of rats and pigs, and the nuclei were subsequently treated by deoxyribonuclease I to prepare nuclear membranes as described under Materials and Methods. Nuclear ceramidase activity was purified 45 fold from rat liver homogenate in a typical experiment. In addition, recovery of the nuclear ceramidase activity was 5.4% from rat liver homogenate, while recovery of the plasma membrane marker enzyme activity (5Ј-nucleotidase) was 0.009%.
Identification of Ceramidase Activity in the Nuclear Membrane Ceramidase activity detected in each nuclear membrane of rat liver or pig liver was dependent on time and enzyme concentration. The time course was linear for up to 100 min. The ceramidase activity increased in the slight downward as enzyme concentration increased between 2 and 50 mg protein. Using 20 mg protein (rat liver) or 10 mg protein (pig liver) of nuclear membrane preparation, specific activities were 5.86 nmol/h/mg protein (rat liver) and 5.93 nmol/h/mg protein (pig liver).
Ceramidase activity was identified by the detection of two kinds of products, fatty acid and sphingosine, which were examined by thin layer chromatography (for the identification of released fatty acid) and high performance liquid chromatography (for the identification of released sphingosine). [1- 14 C]Palmitoylsphingosine was incubated with the porcine liver nuclear membrane preparation and analyzed by thinlayer chromatography as described under Materials and Methods. A radioactive band corresponding to the authentic palmitic acid was observed using a Bio-imaging system (Fig.  1, lane 3) . The formation of the other product, sphingosine, was examined using palmitoylsphingosine as a substrate as shown in the HPLC chromatogram (Fig. 2) . The product peak showed the same retention time as the standard sphingosine (d18:1), which was the original base used for the chemical synthesis of ceramide. In the case of rat liver nuclear ceramidase, the production of palmitic acid and sphingosine was confirmed in the same manner as above (data not shown).
The nuclear ceramidase was also shown to hydrolyze other ceramides, [1- 14 C]arachidoylsphingosine and [1-14 C]lignoceroylsphingosine, giving the products which had the same Rf values as the authentic arachidic acid and lignoceric acid, respectively, as shown in Fig. 1 (lanes 6 and 9) . The rates of hydrolysis, however, appeared to be slower than the rate for [1- 14 C]palmitoylsphingosine as judged by the darkness of the bands. Under the standard assay condition, the rates (%) of the hydrolysis of [1- 14 C]arachidoylsphingosine and [1-
14 C]-lignoceroylsphingosine by the rat nuclear ceramidase were 11.4% and 22.1% of the hydrolysis of [1- 14 C]palmitoylsphingosine, respectively. Substrate specificity of the porcine nuclear ceramidase was similar to that of the rat nuclear ceramidase. The rates (%) of the hydrolysis of [1- 14 C]arachidoylsphingosine and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]lignoceroylsphingosine were 9.9% and 6.1% of the hydrolysis of [1- 14 C]palmitoylsphingosine, respectively. Ceramide having palmitic acid appears to be a favorable substrate rather than ceramides having longer chain fatty acid for both nuclear ceramidases.
Effects of pH The activity of each nuclear ceramidase of rats and pigs was measured over an acidic to alkaline pH range. The pH dependency shown in Fig. 3 suggests that either activity is maximum over a broad region of neutral to alkaline conditions between pH 7.0 and 8.8 without a distinct maximum peak of pH optimum.
Activity was not practically observed at acidic conditions lower than pH 5.0, suggesting that the ceramidase activities in nuclear membranes are different from lysosomal acid ceramidase.
Effect of Metal Ions, Acylethanolamine Derivatives and Other Agents
The effects of various agents on the nuclear ceramidase activity were examined by using [1- 14 C]palmitoylsphingosine as a substrate under the standard assay condition. Of the metal ions tested, Zn 2ϩ potently inhibited both ceramidase activities (Table 1 ). The inhibition was greater than 80% at 1 mM and almost complete at 5 mM. The metals Hg 2ϩ and Cu 2ϩ were also inhibitory to the ceramidase activities. Ethylenediamine tetraacetic acid (EDTA) inhibited activities by 65% (rat) and 39% (pig) at 5 mM.
The sulfhydryl reagents were inhibitory to the ceramidases. p-Chloromercuribenzoate and N-ethylmaleimide inhibited ceramidase activities by 83% and 61% (rat), and 73% and 35% (pig) at 1 mM, respectively.
N-Oleoylethanolamine, a potent ceramidase inhibitor, 20) inhibited the nuclear ceramidase (Table 2 ). Synthesized Noleoyl derivatives all had inhibitory effects on the ceramidase. Anandamide, known as an endogenous ligand of cannabinoid receptor, inhibited to an extent similar to Noleoylethanolamine.
DISCUSSION
The present study revealed that ceramidase activity occurred in the nuclear membrane from either rat liver or pig liver, suggesting that nuclear ceramidase may be widespread throughout mammals. Since the pH optimum ranged over a broad region from neutral to alkaline pH, these nuclear ceramidases may not be classified as either neutral ceramidase or alkaline ceramidase. It is suitable for these enzymes to be referred to as nonlysosomal ceramidase for the same reason as the membrane bound ceramidase from the rat brain. 21) Neutral to alkaline ceramidase activities have been found in the plasma membrane, 22) and also their proteins have been detected in plasma membrane (apical membrane and lipid raft) and lysosome/late endosomes, 23) and mitochondria. 24) In the Golgi membrane alkaline ceramidase was found, whose substrate was phytoceramide. 25) Although ceramidase activity has been measured at pH 7.0 in the purified nuclei from the rat liver, 26) neutral to alkaline ceramidase activity has not been reported in the nuclear membrane. The findings of the present study showed the presence of nonlysosomal neutral to alkaline ceramidase in the nuclear membranes of livers of rats and pigs.
The enzymatic properties of the nuclear ceramidases were compared with the properties of other ceramidases reported previously. The nuclear ceramidases were inhibited potently by Zn 2ϩ , and to some extent by Hg 2ϩ . On the other hand, the neutral ceramidases of the rat liver plasma membrane 22) and the rat brain 21) were not affected by Zn 2ϩ
, and the rat kidney 23) and mouse liver 27) enzymes were completely inhibited by 1-5 mM Hg 2ϩ . The enzymatic properties of the nuclear ceramidase seem to be different from that of the neutral to alkaline ceramidase described previously. However, we recognize that further studies on the comparison of enzymatic properties under the same condition using isolated organelles are necessary, since the above enzymatic properties of ceramidases have been fragmentarily reported.
An interesting finding was the inhibitory effect of anandamide on ceramidase activity. Anandamide is an endogenous bioactive lipid, which has exhibited various cannabimimetic effects such as adenylate cyclase inhibition. 28) The new property of anandamide suggests the possibility that anandamide may control the level of ceramide in vivo through its inhibitory effect on ceramidase.
Substances related to glycerophospholipid metabolism are components of the signal transduction system. Since observations were reported that glycerophospholipid metabolizing enzymes were present in nuclei, the physiological roles and regulation mechanism of these enzymes have been studied. [29] [30] [31] Recently, nuclei or nuclear membranes have been investigated as a place for glycerophospholipid metabolism and suggested to participate in a signal transduction cascade. 32, 33) On the other hand, sphingolipids and related enzymes are critical molecules in the sphingomyelin cycle. 2) Sphingomyelinase, one of enzymes involved in the sphingomyelin cycle, is known to be present in nuclear matrix, 34) and nuclear membrane. 5) It is now evident that at least two enzymes involved in the sphingomyelin cycle are present in the nuclear membrane. This finding suggests that the nuclear membrane or envelope possibly contributes to the sphingomyelin cycle.
